Abstract-This paper investigates a wireless energy harvesting cooperative network (WEHCN) consisting of a source, a decodeand-forward (DF) relay and a destination. We consider the relay as an energy harvesting (EH) node equipped with EH circuit and a rechargeable battery. Moreover, the direct link between source and destination is assumed to exist. The relay can thus harvest and accumulate energy from radio-frequency signals ejected by the source and assist its information transmission opportunistically. We develop an incremental accumulate-thenforward (IATF) relaying protocol for the considered WEHCN. In the IATF protocol, the source sends its information to destination via the direct link and requests the relay to cooperate only when it is necessary such that the relay has more chances to accumulate the harvested energy. By modeling the charging/discharging behaviors of the relay battery as a finite-state Markov chain, we derive a closed-form expression for the outage probability of the proposed IATF. Numerical results validate our theoretical analysis and show that the IATF scheme can significantly outperform the direct transmission scheme without cooperation.
I. INTRODUCTION
Wireless energy harvesting (WEH) technique has recently emerged as a promising solution to extend the lifetime of energy constrained wireless networks, e.g., wireless sensor networks (see [1] , [2] and references therein). WEH technique has also brought new research opportunities for cooperative communications as it enables a new cooperative manner for wireless devices. Specifically, the relay node is now able to harvest energy from the source's information and then use the harvested energy to assist its transmission. In this sense, the relay is more willing to cooperate with the source since it does not need to consume its own energy. In this paper, we refer to a cooperative communication network with a WEH relay as a wireless energy harvesting cooperative network (WEHCN). In fact, the design and analysis of WEHCNs have attracted considerable attentions recently (see, e.g., [3] - [7] ).
Due to the propagation loss of RF signals, an energy harvesting (EH) node normally harvests a little amount of energy during each scheduling slot, which may lead to poor network performance if the node exhausts this little amount of energy to perform instantaneous information transmission. Thus, it is essential to equip each EH node with an energy storage (e.g., a rechargeable battery) such that they can accumulate sufficient amount of harvested energy and then transmit its information in an appropriate time slot. However, to our best knowledge, only a few papers in open literature incorporated the energy accumulation (EA) process in the design and analysis of WEHCNs 1 . The EA process of three-node cooperative networks with a single EH relay was modeled and the associated network performance was analyzed in [3] , [4] . Very recently, [5] - [7] investigated multi-relay WEHCNs, in which different relay selection schemes were proposed and analyzed by taking into consideration the EA process at relay nodes.
In [3] - [7] , it is assumed that the direct link between source and destination is not existent for simplicity and the communication between them completely relies on the EH relay(s). Nevertheless, the direct link may play a crucial role in WEHCNs as it could substantially contribute to the received signal-to-noise ratio (SNR) at the destination. This is due to the fact that the harvested energy at relay(s) is normally small and its transmit power would be limited. The operation of WEHCNs with a direct link is not so straightforward as those without direct link. Specifically, without direct link, the source fully depends on the EH relay, which should accumulate enough energy before helping forward source's information to destination. In contrast, when the direct link exists, the source is able to deliver information directly to the destination and charge the relay wirelessly at the same time. This indicates that the EA process of the EH relay depends on not only its own status but also the channel condition of the direct link, which makes the design and analysis of the considered WEHCN non-trivial. To the best knowledge of authors, there is no work in open literature that designs and analyzes an WEHCN with EA at the EH relay and a direct link between source and destination.
Motivated by this gap, in this paper we investigate a typical three-node WEHCN consisting of one source, one EH relay with multiple antennas, and one destination. We consider that a direct link exists between source and destination. The main contributions of this paper are summarized as follows: (1) To efficiently utilize the EH relay to improve the system performance, we develop an incremental accumulate-thenforward (IATF) relaying protocol for the considered WEHCN. Inspired by conventional incremental relaying protocol [8] , [9] , the proposed IATF protocol advocates that the destination first relies on the received signal via direct link to decode source's information and requests the relay to forward source's signal only when an outage occurs in the direct link. As such, the relay has more chances to accumulate energy from source's signals and help the source effectively when it is necessary. (2) We model the dynamic behaviors of relay battery as a finitestate Markov chain and then evaluate the discrete distribution of the relay. With the help of the steady state distribution of the relay residual energy, we then derive a closed-form expression for the outage probability of the proposed IATF protocol over mixed Rician-Rayleigh fading channels. (3) Numerical results show that the proposed IATF protocol can outperform the direct transmission scheme without the help of relay and the performance gain is enlarged when either the source transmit power or the number of antennas at relay increases.
II. SYSTEM MODEL We consider a WEHCN consisting of one single-antenna source S, one single-antenna destination D and one decodeand-forward (DF) relay R equipped with N antennas (N ≥ 1), which is deployed to assist the data transmission from S to D. We assume S and D are connected with external power supply, while R has no embedded power supplies. But, R is equipped with an EH unit and a finite-size rechargeable battery such that it can accumulate the energy harvested from RF signals broadcasted by S. Moreover, the relay is equipped with separate energy and information receivers [10] . As such, it can flexibly switch its received signal to one of these two receivers to realize EH or information decoding (ID). Furthermore, different from the existing works on WEHCNs, we consider the scenario that the direct link between S and D exists.
Let h SD denote the complex channel coefficient of S-D link. Also let h SR and h RD denote the N × 1 channel vectors of S-R and R-D link, respectively. As the up-to-date WEH techniques could only be operated within a relatively short distance, the line-of-sight (LoS) path is very likely to exist between S and R. Motivated by this fact, we consider an asymmetric scenario for the fading distributions of S-R link and R-D link. Specifically, the elements of h SR are subject to independent and identically distributed (i.i.d.) Rician fading, while the elements of h RD are subject to i.i.d. Rayleigh fading as the distance between R and D can be much further. Similarly, the channel coefficient of direct link h SD follows a Rayleigh distribution. All channels between S, R and D are assumed to experience slow, independent and frequency flat fading such that the channel gains remain unchanged within each transmission block but change independently from one block to the other. Now, a natural question that arises is "With the direct link, how to optimally utilize the EH relay to minimize the system outage probability?". This is actually a very difficult question to answer by realizing the fact that the network operation and the EA process of the EH relay are tangled together. Motivated by this, in this paper we propose a heuristic cooperative protocol, termed incremental accumulate-then-forward (IATF), to efficiently utilized the EH relay in the considered WEHCN. In the proposed IATF protocol, the EH relay cooperates with S opportunistically using the accumulated energy harvested from signals broadcasted by S. Here, we use T to denote the duration of each transmission block, which is further divided into two consecutive time slots with equal length T /2. In the first time slot, S first broadcasts the information and meanwhile R decides whether to perform EH or ID based on its accumulated energy available in battery. After D decodes the received signal from S at the end of the first time slot, it feedbacks a one-bit signal to both S and R, indicating whether the direct link suffers from an outage event. In the second time slot, the cooperation between S and R will be activated if the S-D link fails and the residual energy at R is not less than a predefined energy threshold E T . Otherwise, during the second time slot, S chooses to either re-transmit the same information packet or send a new one depending on whether the S-D link fails or not, while R always harvests energy from the signal sent by S. Let X denote the direct link status indicator, which equals to 0 if it suffers from no outage and 1 otherwise, and Y denote the energy status indicator at R, which equals to 0 if the available energy at R is less than E T and 1 otherwise. Depending on the values of indicators X and Y , the system can operate in one of the following four modes.
• Mode I (X = 0 and Y = 0): In this mode, in the first time slot, R harvests energy since the residual energy at its battery is less than E T . Also, in the second time slot, there is no need for R to forward information since the S-D link is outage-free. As such, in the second time slot, S will send new information to D, and R can further accumulate its energy harvested from this signal.
• Mode II (X = 0 and Y = 1): Here, in the first time slot, R chooses to decode the received information since it has accumulated sufficient energy and the direct link suffers from no outage. Thus, the operation of the system in the second time slot is the same as that in Mode I.
• Mode III (X = 1 and Y = 0): R harvests energy during the first time slot in this mode. X = 1 indicates the direct transmission fails and in this case it needs R to help forward the information to D. However, R cannot help since its accumulated energy is lower than the threshold E T . In this case, S chooses to further charge R by re-transmitting its information packet during the second time slot.
• Mode IV (X = 1 and Y = 1): In this mode, the direct link suffers from an outage event and R has sufficient energy to cooperate. Thus, in the second time slot, R forwards the signal received from S to D by consuming E T amount of energy from its battery, while S keeps silent during this period. We now analyze the harvested energy at R and the received SNR at D for the above four modes mathematically in the following subsections. Without loss of generality, we consider a normalized transmission block (i.e., T = 1) hereafter. Besides, we use P S to denote the transmit power at S and H x,y = h x,y 2 to denote the channel power gain, where x ∈ {S, R}, y ∈ {D} and x denotes the Euclidean norm of a vector x.
A. Mode I
In Mode I, the direct link has a good channel condition. After D correctly decodes the information in the first time slot, S chooses to continuously transmit new information. The received SNR at D in both time slots is given by
where N 0 is the power of the additive Gaussian white noise (AWGN).
Recall that in this mode the residual energy at R is less than the energy threshold and the S-D link is outage-free. Thus R harvests energy in both time slots. By ignoring the amount of energy harvested from the noise power since it is normally below the sensitivity of WEH units, the amount of harvested energy at R in Mode I is expressed as
where η ∈ (0, 1] is the energy conversion efficiency.
B. Mode II
In this mode, R decodes the received information since the residual energy in its battery exceeds E T . Meanwhile, there is no outage between S and D. As such, in the second time slot, S transmits new information. We assume that the maximum ratio combining (MRC) technique is adopted at R to maximize the received SNR. In this case, the received SNR at R in the first time slot is given by
And the received SNR at D is the same as that in Mode I (i.e., γ
. Besides, in the second time slot, the relay can harvest energy from the new packet transmitted by S. The harvested energy at R in this mode can thus be expressed as
C. Mode III
In Mode III, the channel condition of direct link is in a bad condition, which causes a transmission outage. In this case, the system needs relay's cooperation to forward source's signal to D. However, the residual energy at relay battery is less than E T . S is motivated to charge R by re-transmitting its information packet in the second time slot. The received SNR at D is thus given by
And R harvests energy in both time slots and the harvested energy
D. Mode IV
In this mode, the S-D transmission fails and R has accumulated enough energy. Thus, R will forward the source's signal in the second time slot by consuming the amount of energy E T . We use P R to denote the relay transmit power and we thus have P R = 2E T since the relay consumes E T within half of a transmission block. We assume that before the cooperation, D sends a pilot signal to R such that the CSI h RD of the corresponding reciprocal channel can be estimated. In this case, maximum ratio transmission (MRT) is known to be optimal for data transmission at R. The received SNR at D in the second time slot is thus given by
Note that the received SNR at D during the first time slot is the same as (1 
III. OUTAGE PROBABILITY ANALYSIS
In this section, we analyze the system outage probability of the proposed IATF protocol over mixed Rician-Rayleigh fading channels. To this end, we first model the dynamic behaviors of the relay battery as a finite-state Markov chain (MC) [3] .
A. Markov Chain Description of Relay Battery
We follow [3] and assume that R is equipped with a L discrete-level battery with a finite capacity C. The ith energy level is then defined as ε i = iC/L, i ∈ {0, 1, 2, . . . , L}. We define the state S i as the state of relay's residual battery being ε i . P i,j is defined as the state transition probability from S i to S j . Let λ[m] ∈ {λ I , λ II , λ III , λ IV } denote the system operation mode in the m-th transmission block, where λ M , M ∈ {I, II, III, IV}, represents the event that the Mode M is operated. With the discrete battery model adopted in this paper, the effective (discretized) amount of harvested energy ε M H at R should be re-calculated as , (8) where M ∈ {I, II, III}. Similarly, the actual amount of energy consumed by R for information forwarding should be defined by ε T ε i , where i = arg min j∈{1,...,L} {ε j : ε j ≥ E T } . (9) In this paper, we define that an outage occurs in a link when the system transmission rate is larger than the link capacity. Let R denote the transmission rate of S. Then the direct link suffers from an outage when the received SNR γ SD is less than the SNR threshold γ 1 = 2 R − 1 [8] . We now can describe the four possible operations of the proposed IATF protocol during the m-th transmission block mathematically as follows:
where ε[m] denotes the relay's residual energy at the beginning of the m-th transmission block. Moreover, the residual energy at the beginning of the (m + 1)th transmission block can thus be expressed as
Based on the above mathematical description, we now derive the state transition probabilities of the formulated MC for the relay battery. Inspired by [3] , the state transition of the MC can be generally split into the following eight cases.
1) The battery remains empty (S 0 to S 0 ): We consider the initial state of the MC starts from S 0 . It is easy to deduce that R will operate in either Mode I or Mode III. Furthermore, the effective harvested energy during the whole transmission block should be zero, which indicates that the condition E H1 < C/L should hold. Thus, the transition probability of this case is characterized as
where F HSR (·) denotes the cumulative distribution function (CDF) of H SR . According to [11] , we can write the CDF of
ΩSR x , where Q N (·, ·) is the generalized (N th-order) Marcum Q-function [12] , K is the Rician K-factor defined as the ratio of the powers of the LoS component to the scattered components and Ω SR = E{|h SR,i | 2 }, ∀i ∈ {1, . . . , N }, with E{·} denoting the statistical expectation and h SR,i denoting the i-th element of h SR .
2) The empty battery is partially charged (S 0 to S i with 0 < i < L): In this case, the amount of effective energy is discretized as ε M H = iC/L, M ∈ {I, III}. This indicates E H1 falls between the battery levels i and i + 1. The transition probability can thus be evaluated as
3) The empty battery is fully charged (S 0 to S L ): Similar to the previous two cases, the transition probability is characterized as
4) The non-empty and non-full battery remains unchanged (S i to S i with 0 < i < L): The battery level stays unchanged, from which we can deduce that the R is possible to operate in Mode I, II or III with effective harvested energy equals to zero (i.e., E M H is discretized into zero). The transition probability of this case is derived as
where F HSD (x) = 1 − exp (−x/Ω SD ) with Ω SD = E{|h SD | 2 } denoting the mean of H SD .
5) The non-empty battery is partially charged (S i to S j with 0 < i < j < L): Similar with the previous case, the battery level increases from level i to j (i.e., ε
Thus the transition probability can be calculated as
6) The non-empty and non-full battery is fully charged (S i to S L with 0 < i < L): In this case, the harvested energy E M H can be any value greater than (L − i) C/L, the transition probability can thus be evaluated by
7) The battery remains full (S L to S L ): In this case, Mode II is definitely performed with a full battery and the help of R is not necessary so that the battery level remains unchanged. Recall the principle of the proposed IATF scheme, the transition probability is derived as
8) The non-empty battery discharged (S j to S i with 0 ≤ i ≤ j ≤ L): The battery level decreases only when Mode IV is operated in the system. The transition probability can thus be characterized as
We are now ready to derive the steady state distribution of the relay battery. Let Z = [P i,j ] (L+1)×(L+1) denote the state transition matrix of the formulated MC. Using similar method used in [13] , we can readily verify that Z is irreducible and row stochastic. Thus, there should exists a unique solution π that satisfies the following equation
This π is actually the steady state distribution of the relay residual energy and can be calculated as
where Z T denotes the transpose matrix of Z, I is the identity matrix, B i,j = 1, ∀i, j, and b = (1, 1, . . . , 1) T [13] .
B. System Outage Probability
We now analyze the system outage probability of the proposed IATF scheme based on the steady state of the relay battery derived in the previous subsection. Let P M out , M ∈ {I, II, III, IV}, denote the probability that an outage occurs when the system operates in Mode I, II, III and IV, respectively. According to the full probability theory, we can express the outage probability of the considered WPCCN as
where Pr {M } is the probability that the system operates in Mode M , and Pr {O|M } is the system outage probability when it operates in Mode M . In Mode I and Mode II, no outage event happens. We thus have Pr {O|I} = Pr {O|II} = 0 and do not need to calculate the probabilities Pr {I} and Pr {II}.
In Mode III and IV, the system delivers the same information packet in two time slots. In this case, the spectrum efficiency is halved. As such, the outage occurs in the system when γ M D , M ∈ {III, IV}, is less than a higher threshold γ 2 = 2 2R − 1 [8] . In Mode III, the direct link is in outage and D receives two pieces of the same information from S. The probability of the system operates in Mode III can be expressed as
where P E denotes the probability that R has enough residual energy to cooperate, which can be characterized based on the derived steady state of relay battery as
Besides, it can be readily verified that the outage probability of Mode III Pr {O|III} = Pr γ
Similarly, the product of the probability of Mode IV and its associated outage probability can be derived as
where
Moreover, the term Pr {(γ SD + γ RD < γ 2 ) ∩ (γ SD < γ 1 )} can be derived 2 in closed-form as 26 on the top of next page [12] , whereγ SD = P S Ω SD /N 0 andγ RD = 2E T Ω RD /N 0 , and Υ (α, x) = x 0 exp −t t α−1 dt is the incomplete Gamma function. By substituting the terms derived above into (22), we now have obtained a closed-form expression for the system outage probability of the proposed IATF protocol. 2 The derivation of (26) is omitted due to space limitation 
IV. NUMERICAL RESULTS
In this section, we provide some simulation results to verify the above theoretical analysis and illustrate the impacts of several parameters on system performance. We adopt the channel model Ω ij = 1 + d α ij −1 to capture the path-loss effect, where d ij denotes the distance between nodes i and j, α ∈ [2, 5] is the path-loss exponent. In the following simulations, we set d SD = 80m, d SR = 10m, d RD = 70m, the path-loss factor α = 3, the Rician-factor K = 10, the noise power N 0 = −60dBm, the energy conversion efficiency η = 0.5, and the transmission rate of the system R = 1.
The system outage probability of the proposed IATF scheme versus the source transmit power for different antenna numbers and battery levels is shown in Fig. 1 . As we can see from this figure, Monte Carlo simulations agree very well with the corresponding analytical results plotted via (22), which validates our theoretical analysis in Sec. III. We can see from Fig. 1 that, when P S is low, the outage probability of the proposed IATF scheme is similar to that of the direct transmission without cooperation. This is because the accumulated energy at the relay's battery cannot exceed the threshold. As P S increases, the gain of the proposed scheme over direct transmission becomes significant. We can also observe from this figure that when the number of battery levels increases from 20 to 200, the performance of the system gets better. This is because the more the battery being discretized (i.e., L increases), the less energy is wasted during the discretization of the harvested energy. Furthermore, with more antennas equipped at the relay, the performance of the proposed IATF protocol improves. Fig. 2 plots the outage probability of the proposed IATF scheme versus energy threshold at the relay with different antenna numbers and source's transmit powers. This figure is shown as a stair-stepping plot due to the adopted discrete battery model. An optimal value of E T that minimizes the outage probability of the proposed scheme can be observed from the figure. We can also see that the values of optimal E T shift to the right as P S increases from 15dBm to 20dBm. This is because when P S increases, the direct transmission suffers from less outages and thus needs less help from R. In this case, R can accumulate more energy in its battery and should consume more energy to compensate the received SNR at D. In addition, for a fixed P S , the relay with more antennas requires a relatively smaller E T .
For a given network setup, we can readily find the optimal value of E T via an exhaustive search of all discrete battery levels. The outage probability of the proposed IATF scheme with optimal E T is depicted in Fig. 3 . We can observe that the proposed IATF protocol with optimal E T can significantly improve the outage performance compared to the direct transmission scheme, even when the relay is equipped with single antenna. Moreover, the performance gain increases as the number of antennas at relay increases. This is because the more antennas equipped at relay, the more energy it can harvest from the first hop. Moreover, with MRT, the received SNR at the destination can be larger.
V. CONCLUSION In this paper, we proposed an incremental accumulate-thenforward (IATF) relaying protocol for cooperative communications via an EH relay. We modeled the energy accumulation process of the discrete-level relay battery as a finite-state Markov chain and derived a closed-form expression for the exact outage probability of the considered network over mixed Rician-Rayleigh fading channels. Monte Carlo simulation validated our theoretical analysis. Numerical results showed that the system outage probability decreases as either the source transmit power or number of antennas at the relay increases. Furthermore, the proposed IATF scheme can significantly outperform the direct transmission scheme without cooperation and their performance gap is further enlarged when the relay energy threshold is optimized.
